The objective of this work is to develop bioactive glass coatings for metallic 
used in load-bearing applications, where metallic alloys are still the materials of choice.
It was recognized early on that one of the main applications of bioactive glasses could be coatings for prosthetic metallic implants. 4 These coatings would serve two purposes:
improving the osseointegration of the implants, and protecting the metal against corrosion from the body fluids and the tissue from the corrosion products of the alloys.
Unfortunately, most of the attempts to coat metallic implants with bioactive glasses have had limited success. This is due to poor adhesion of the coating and/or degradation of the glass properties during the coating procedure (typically enameling, or flame or plasma spray coating). 4 Several key design criteria are necessary for the successful development of new bioactive coatings for implants: (1) the firing cycle should not degrade the properties of the metal or the glass; (2) the thermal expansion of the glass and the metal should be similar in order to avoid the generation of large thermal stresses that can result in coating cracking or delamination during fabrication (typically it is preferred that the coating has a slightly lower thermal expansion than the metal, resulting in small compressive stresses); (3) the firing cycles should result in interfaces with optimum adhesion; and (4) the glass coatings should form hydroxyapatite when in contact with body fluids. The Ti alloys used in the fabrication of prosthetic implants are very reactive, and the glass/metal reactions that occur during firing are detrimental to adhesion and bioactivity. Thus, coating titanium with bioactive glasses is challenging. Additionally, firing temperatures below the α → β transformation of Ti (between 885 and 950°C for unalloyed Ti, depending on the impurity content, [5] [6] and between 955 and 1010°C for Ti6Al4V 6 ) are required to avoid a degradation of the mechanical properties of the implant. Bioactive glasses are typically silicate glasses with silica content below 60 wt%. Most of these glasses are hygroscopic and crystallize readily at the firing temperatures required for enameling. The thermal expansion coefficients of bioactive glasses are typically much larger than those of Ti alloys. The simplest way to reduce thermal expansion is to increase the SiO 2 content of the glass; unfortunately, this is at the expense of bioactivity, which is significantly reduced. [1] [2] [3] This work examines the properties of a new family of bioactive glasses designed to coat Ti-based alloys. The results are compared with existing models for calculating properties of silicate glasses and with the optimum enameling conditions needed for the fabrication of bioactive coatings on Ti-based and Co-Cr alloys with good adhesion to the metal.
II. Experimental
Glasses in the system SiO 2 -Na 2 O-K 2 O-CaO-MgO-P 2 O 5 were prepared by mixing SiO 2 (99.5%) * , CaCO 3 (99.9%)**, MgO (98.6%)**, K 2 CO 3 (99%)#, NaHCO 3 (99.5%)** and NaPO 3 (99.7%)# in ethanol using a high-speed stirrer. The compositions of the glasses are summarized in Table 1 . The mixtures were dried at 80°C for 12 h and then fired in air at 1400-1500°C for 4 h in a Pt crucible (glasses with larger silica contents were fired at higher temperatures). The melt was cast into a graphite mold to obtain glass plates (~50 × 50 × 5 mm) that were subsequently annealed at 500°C for 6 h to relieve stresses. The thermal expansion (α), softening (T s ), and transformation (T g ) temperatures were measured in a calibrated dilatometer with an alumina holder and push rod, using glass bars 25 × 3 × 3 mm. The Vickers hardness was evaluated using loads between 0.5 and 1.2 kg in ambient air. The density of the glasses was measured using the Archimedes method.
To manufacture the coatings, the glass was milled in a planetary agate mill. After milling, the glass particle size was measured using a sedimentation technique. A suspension of the glass powder in ethanol was deposited on flat metallic substrates ~10 × 10 × 1 mm (Ti, Ti6Al4V, or Vitallium®, a Co-Cr alloy), which had been previously polished with diamond (1 µm particle size) and cleaned in acetone and ethanol.
Additionally, suspensions of the glass powders in ethanol with a 50-75 wt% solid content were used to coat cylindrical Ti6AlV samples (1 mm radius, 10 mm long) and titanium internal hexagonal cylinder implants (3.3 mm diameter and 10 mm length, 3i Implant Innovation) by dip coating, using coating speeds up to 1,000 mm/min. The dip-coating suspensions were prepared using a magnetic stirrer. The solution was continuously stirred between immersions in order to avoid settling of the powders, and the glass powders were analyzed by Fourier Transform Infrared Spectroscopy (FTIR).
The resulting coatings were dried in air at 75°C for 12 hr, and fired in air at temperatures ranging between 650 and 850°C to make the glass flow and adhere to the metal. The specimens were introduced in the furnace previously preheated to 600-650°C and heated at 40°C/min. to the desired temperature. During heating, the furnace was evacuated to 0.1 atm. Once the maximum temperature was reached, air was let into the chamber. After the required time, they were quenched in air. The final coating thickness ranged from 25 to 150 µm.
The crystallization of the coatings was evaluated by x-ray diffraction (XRD). The surfaces of the coatings, as well as polished cross sections, were examined by optical microscopy and scanning electron microscopy with associated energy dispersive spectroscopy analysis (SEM-EDS). The glass/metal interfaces were also analyzed using transmission electron microscopy (TEM). Samples for TEM were prepared by cutting cross sections of the glass/alloy interface. The sections were ground to a thickness of ~100 µm with emery paper, and then fixed into a Cu mesh with a 3 mm diameter. The Table 2 summarizes the thermal expansion (α), softening (T s ), and transformation (T g ) temperatures of the glasses. The thermal expansions of the glasses cover a wide range, which includes the thermal expansion of Ti and Ti6Al4V (9.5-10.5 × 10 -6 °C -1 at 400°C) 6 and Vitallium® (~14 × 10 -6 °C -1 ) 7 , a Co-Cr alloy used in orthopedic implants.
As expected, an increase of the silica content reduces α and increases T s and T g . It has been proposed that the thermal expansion and other properties of the glasses are roughly additive quantities and can be described using empirical fittings:
where, for a glass with n components, y is the property to be measured, p i are the oxide concentrations in weight % and a i are empirical coefficients. (Table 4) give good fittings to the measured thermal expansions. The coefficient for P 2 O 5 for each model was deduced using the thermal expansions measured in this work. Even though an increase of the silica content seems to be the more effective way to decrease thermal expansion, when comparing our results with those of Lockyer et al. 13 for glasses in the SiO 2 -Na 2 O-CaO-P 2 O 5 system, it was clear to us that the addition of MgO and K 2 O served to manipulate α as intended, and glasses with parallel composition and lower thermal expansion coefficients can be designed this way (Figure 1 ). The additions of MgO and K 2 O also seemed to increase the softening point. However, T s always remained well below the α → β transformation of Ti, as intended. It should be noted that it was not possible to use any of the proposed empirical coefficients to obtain a good fitting for Lockyer et al. data. 13 The measured hardness and densities are of the order of those reported for silicate glasses. 9 The empirical model of Winkelmann and Schott, 11 ( Table 2) Because of the difference in thermal expansion, coefficients between the glass and the alloy thermal stresses are generated in the coating during fabrication, which can result in cracking and/or delamination. Figure 3 shows the range of glass compositions that can be used to prepare dense coatings that do not crack or delaminate on Ti and Ti6Al4V or CoCr alloys. Glasses with lower silica content have greater thermal expansion and can be used to coat Co-Cr, whereas SiO 2 -rich glasses can be used to coat Ti-based alloys.
The systematic firing studies have revealed the optimum firing times and temperatures for the fabrication of the coatings. As an example, Figure 4 illustrates the effect of firing time and temperature on the coatings manufactured with glass 6P57 on Ti6Al4V and glass 6P50 on Co-Cr. Four regions can be distinguished. Below a critical time and temperature, the glass does not sinter. Then, at higher temperatures, the glass flows and forms a dense layer. Some of these coatings delaminate when a 6.2 kg Vickers indentation is applied on the top surface. Nevertheless, a time and temperature region exists where the coatings are dense, exhibit good adhesion, and do not delaminate under indentation tests. In indentations performed at the glass/metal interface on polished cross sections of these coatings, cracks do not propagate along the interface, but instead tend to be driven into the glass. This is an indication of good glass-metal adhesion ( Figure 5 ). At longer times and higher temperatures, excessive reaction between the glass and the metal generates brittle reaction layers and gas bubbles at the interface, which results in porous coatings with poor adhesion to the substrate. As expected, the optimum firing temperature is related to the softening point of the glass. Glasses with higher softening points required higher firing temperatures for the glass to flow and densify ( Figure 6 ).
A TEM image of the 6P57/Ti6Al4V interface annealed at 800°C for 30 s is shown in Following the experimental observations, the evolution of the glass/metal interfacial nanostructure can be summarized as follows. During heating, gas easily diffuses through the porous deposited glass coating and a thin oxide layer forms on the surface of the metal. Thin-film x-ray diffraction showed the presence of an oxide layer on substrates annealed at temperatures below the glass softening point (550-650°C). 14 At temperatures above the softening point of the glass, the glass layer sinters and flows. The inner glass/metal interface becomes sealed from the external atmosphere, and the glass dissolves the oxide layer and starts to react with the substrate. TEM showed the formation of a ~150 nm silicide or oxide layer in the samples fired under optimum conditions. These coatings did not delaminate during the indentation tests of adhesion. Most of these reactions result in the formation of gaseous products, which explains the presence of bubbles in overreacted samples.
In conventional enameling theory it is proposed that in order to achieve optimum glass/metal bonding, the glass in contact with the alloy should be saturated with the lowest valence oxide of the metal without the presence of interfacial layers. In this way, according to the theory, a transition region will form between the metallic bonding of the substrate and the ionocovalent bonding of the glass, providing a "continuity of electronic structure" that will result in good adhesion. [16] [17] [18] However, the lack of characterization of enamel interfaces at the nano-level precludes a complete confirmation of this theory. The result of this work suggests that optimum adhesion is achieved through the formation of nanostructured interfacial layers. For the coatings on Ti6Al4V, the bond between the thin silicide layer and the metal can be helped in part by the good lattice matching. Also, if Ti 5 Si 3 dendrites grow into the glass, they can provide some mechanical interlocking that can contribute to the adhesion, as it has been proposed for other metal-ceramic systems. [19] [20] It should be noted that, if the oxide formed in the surface of the substrate during heating is not completely dissolved and a thick oxide layer remains at the interface, the coating delaminates during cooling or during the indentation test. This is the case for those samples fired at temperatures below the optimum. The detrimental effect of thick interfacial oxide layers on adhesion has also been observed during fabrication of glass coatings on other metals such as Cu or Fe. The observed behavior is consistent with a mechanism of apatite formation similar to that described by Hench for Bioglass®. 3 The steps involved are: (1) the exchange of Na PO through the silica-rich layer forming a CaO-P 2 O 5 -rich film that incorporates calcium and phosphates from solution; and (4) finally, the crystallization of the amorphous calcium phosphate film to form an apatite layer. De Aza et al. 24 have pointed out that the increase in pH on the glass surface due to the ionic exchange between the labile cations Na faster glass corrosion and precipitation of apatite. There is a critical SiO 2 content above which the coatings lose their ability to precipitate hydroxyapatite when soaked in SBF. In these coatings, the critical silica content is around 60 wt%, very similar to that reported for bulk glasses in the SiO 2 -Na 2 O-CaO-P 2 O 5 system (which includes Bioglass®) and other related compositions prepared in a conventional way. [1] [2] [3] (IV) Dip-coating of dental implants
Ethanol-based slurries were used to coat cylindrical implants by dip-coating. The average glass particle size was 13 ± 2 µm. In this preliminary research, use of additional organics in the slurries such as dispersants was avoided. Burning of organics can result in the formation of bubbles in the coating that cannot be eliminated during the short firing times required for Ti-based alloys. Continuous stirring was required during the dipcoating process to avoid settling of the glass powders. Suspensions with solid contents lower than 70 wt% resulted in irregular coatings with thickness <25 µm. However, by using suspensions with a solid content of 75 wt% and coating velocities of 1,000 mm/s, we were able to prepare ~100 µm thick coatings on cylindrical Ti dental implants with good adhesion to the alloy ( Figure 9 ). The firing conditions are similar to those developed for flat substrates.
IV. Conclusions
A new family of glasses in the 
